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Ahstraet: We report quantum cascade laser (QCL) master-oscillator power­
amplifiers (MOPAs) at 300 K reaching output power of 1.5 W for tapered 
devices and 0.9 W for untapered devices. The devices display siogle: 
longitudinal-mode emission at )"~7.26 flm and siogle-transverse-mode 
emission at 1Moo. The maximum amplification factor is 12.2 dB for the 
tapered devices. 
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1_ Introduction 

Quantum cascade lasers (QCLs) [1,2] are a well-established laser source in the mid-infrared 
spectral region. Th~ use in spectroscopic applications has been demonstrated in a variety of 
experiments [3,4]. QCLs with high output power and single-mode emission are especially 
well suited for applications such as stand-off detection [5,6] and liquid phase spectroscopy [7] 
with a high extinction. ratio. Achioving high output power while maintaining a single-mode 
emission spectrum and good beam quality, however, is difficult. 

The most straightforward approach is to increase the geometric dimensions of the laser, 
but simply widening the laser cavity is not viable as it leads to poor beam quality and a 
multimodc spectrum arising from high-order transverse modes [8,9]. The most promising and 
perhaps most complicated approach to date utilizes broad-area devices with two-dimensional 
photonic-crystal distrihuted-feedback (PCDFB) gratings patterned on the side of the 
waveguide [10]; single-mode interband cascade lasers 400 flm wide with M2<2 were 
demonstrated up to the highest current achievable although the output power was limited by 
diffraction losses and a low coupling coefficient. The implementation of this approach in 
QCLs at longer wavelength has been less successful. Significant progress has been made 
recently [II] leading to demonstration of broad-area QCLs with peak output power of34 W at 
room temperature, but the far field of the device degraded siguificantly as function of current. 
High power in QCLs can also be achieved by adjusting the doping in the structure, allowing 
devices to operate at high current densities and hence high optical gain. This approach, 
however, is limited by device self-heating, jeopardizing high-performance continuous-mode 
operation; even in pulsed operation it typically results in a significant broadening of the 
linewidth of the emission spectrum. 

A different way to achieve high-output-power single-mode lasers is by fabrication of a 
monolithic two-section deviCe, where one section is a DFB laser acting as a seed laser, 
referred to as master oscillator (MO), and the other section selVes as a power amplifier (PA) 
[12,13]. This approach has been particularly successful with near-infrared diode lasers, and 
MOPA lasers with continuous wave (CW) power up to 10 W have also betlll demonstrated 
[14]. The first proof-of-concept QCL MOPAs were demonstrated by Troccoli et al. [15]. 

The most attractive features of MOP A lasers are that only standard elements such as a 
DFB laser are required and that single-mode emission and excellent heam quality are assured 
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as long as the seed DFB laser supports the fundamental TMoo mode. Moreover, in MOP A 
lasers the coupling losses are minimal since the output from the MO couples directly into the 
PA and the entire device is fabricated on-chip by means of standard seroiconductor 
technology: The output power of the MOPA is determined first by the MO output power and 
second by the gain coefficient and the length of the PA, which is a single-pass traveling-wave 
amplifier. Tapering the'PA allows higher-power amplification prior to reaching possible gain 
saturation. Also the far-field angle in the chip plane is reduced by the larger PA facet. 

A technological challenge for MOPA devices is suppression of self-lasing of the PA. 
Previous efforts in MOPA QCLs used an end facet cleaved at an angle to prevent the PA 
cavity from self-lasing. The deposition of antireflection (AR) coatings is a more controllable 
and efficient way to suppress self-lasing, and the PA facet reflectivity can be reduced to 
<0.001 by the choice of suitable materials and number of layers. A very low reflectivity 
allows the end facet to reroain orthogonal to the light propagation direction. This results in a 
better beam qnality and lower power losses than with an uncoated angled facet, which relies 
on the principle of directing light toward the ridge sidewalls, instead of directly reducing the 
reflectivity. 

In this paper we report MOP A QCL devices emitting peak output power of 1.5 W at 
300 K with single-mode emission at ],,=7.26 11lIl. The devices have a low-retlectivity AR 
coating applied to the P A end facet. Devices with untapered and tapered PAs were fabricated. 

2. Materials and fabrication 

The QCL active region material was grown by meta10rganic vapor-phase epitaxy (MOVPE) 
on a conducting InP substrate. To enable future use of the QCL material for multiple­
wavelength MOP A arrays, we used a graded-active-region design following closely the 
broadband design reported in Ref. [16]. This design does not allow for high output power 
because each cascaded active region has a lasing transition at a slightly different wavelength, 
but it provides a broad gain spectnun. 

The MOVPE layer sequence starting from the substrate was 4 I'm of InP (Si doped, 
n=l xI017cm") followed by 0.8 I1lIl of InGaAs (Si doped, n=l xI016cm"), both layers serving 
as the lower wavegnide cladding. The graded active region was a slightly modified version of 
that in Ref. [16]. Modifications included changes in quantum-well thicknesses of each 
cascaded active region to shift the gain to approximately ""'- = 7.3 I'm. The structure was 
subsequently capped with SOO nm of InGaAs (Si doped, n=lxlOl'cm"), 4.0 I'm of InP (Si 
doped, n=lxI017cm"), O.S I1lIl of InP (Si doped, n=SxlOI8cm") and 20 nm of InGaAs (Si 
doped, n';"lx 1OI'cm"), which served as the upper wavegnide cladding and top contact layers, 
respectively. . ' 

The DFB grating was fabricated by defining the' grating structure in the top InGaAs by 
electron-beam lithography and reactive-ion etching (-2SO-nm grating depth). The upper InP 
wavegnide layers were then regrown by MOVPE resulting in a buried-grating structure. After 
regrowth, the MOP A structure was fabricated using standard contact lithography and wet 
etching (Dr waterlHBrlbromide water) for ridge definition (IS-I'm ridge width). Devices with 
no taper angle in the PA section and a taper angle of 10 were fabricated in addition to Fabry­
Perot lasers with different lengths. Electrical insulation was achieved by a 4S0-nm-thick SiN 
layer with an opening on top of the ridges, and Til Au was used for top and bottom 
metallization. A metallization gap of 40 I'm was used between the PA and the MO sections to 
allow independent pumping. The devices were cleaved to a length of·2.S mm (I-mm MO, 
1.5-mm pAl. The PA end facet was AR coated with a two-layer structure based on Zns 
(833 nm) / MgF2 (ISI6 nm) incorporating a thin layer of Y20, (10 nm) to facilitate adhesion 
of ZnS to the laser facet. Based on this design, the calculated modal reflectivity is <0.1 % over 
a d]"=1 I'm bandwidth centered around ],,=7.3 I'm. The devices were then mounted epilayer up 
with indium solder on copper heat sinks for characterization. 
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3. Measurements 

All measurements were performed at T ~ 300 K under pulsed conditions (20 kHz / 100 ns) 
using a calibrated thermopile detector for output power measurements. 

Spectra of the fabricated MOP A device with a PA taper angle of -I 0 are shown in Fig. I. 
The single-mode emission wavelength A is 7.26 J1IIl. A side-mode suppression ratio >20 dB is 
measured. The full ·width at half·maximum (FWHM) of Lfr=1 cm-I is due to self-heating 
during the current pulse and does not broaden with higher PA currents_ The inset shows a 
schematic of the device structure for a tapered MOP A QCL, where the mode adiabatically 
spreads in the PA section and is ainplified. 
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Fig 1. Spectra of a: MOPA with 10 tapered amplifier; The DFB section is kept at 900 mAo The 
inset shows an illustration ofa MOPA device. The light intensity distribution (fillsc colors) has 

been calculated using a finite-difference timc-domain technique. The device geometry is 
indicated by grey lines. The DFB laser acts as the seed·laser while the tapered section is a 

single-pass traveling wave amplifier. 

Figure 2a shows the dependence of the peak output power of the MOP A devices on the 
MO and PA pumping currents at 300 K, and Fig. 2b shows light-current (L-I) characteristics 
of a tapered amplifier and untapered amplifier on a current-density scale. In Fig. 2a, the 
device with no taper angle reaches a peak power P "",-900 m W for a MO current IMcr900 rnA 
corresponding to the rollover point of the L-I characteristic. Devices ·with 10 taper angle 
displayed higher peak output power with a maximum Pout ~1.5 W, which corresponds to an 
average power P.v~3 mW for a duty cycle of 0.2 %. To estimate the amplification through the 
amplifier section one needs to know the power input from the MO section into the amplifier. 
This can be deduced from the data in Fig. 2a if the transparency current is known. 
Transparency current is defined as the minimum current where popUlation inversion is 
reached and light is transmitted without being dsmped or amplified [11-20]. One method to 
determine this parameter is to use the dependence of the threshold current j ~ and the· slope 
efficiency versus cavity length as explained in detail in Ref. [20]. In our case, we processed 
Fabry-Perot QCLs from the same material used for the MOPAs but could not obtain reliable 
data, especially for short lasers, to detenmine j .. ru' 
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Fig 2. a) L-I characteristics for different C\lITeDts in the MO DFB section at T=300 K. 
b) Comparison of characteristics for two MOP As with tapered and untapered PAs on a cur:reot­

density scale. 

Instead, we use the value of the threshold curreot density for 3-mm-Iong Fabry-Perot lasers 
(;~-1.75 Wcm') and the relation 

. RW+a,n + . (I) lth = ---rg ltrans . 

In order to estimate the value of j"""" we calculated g.r~8.25 cmIkA according to Ref. [2], 
aw-5.5 em-I using the commercial software COMSOL Multiphysics, and for a 3-mm-Iong 
mirror losses am=4.18 cnf'. Solving Eq. (I) yieldsj....,-Q.55 Wcm'. This estimate is in 
reasonable agreement with the values found in the literature, although it is difficult to compare 
j ... ru for different QCL designs and doping levels. 

From the data shown in Fig. 2a for the tapered device and assuming a transparency curreot 
of 0.55 Wcm', we fmd a transmitted light intensity P, ~P(Fj_}-90 rnW for a MO current 
of 900 rnA, resulting in an amplification factor as high as 16.6, equivalent to -12.2 dB, at the 
rollover point. 

In Fig. 2b, the linear dependence of the untapered MOP A output power on the amplifier 
current is strong' evidence that the gain in the PA is saturated. The tapered MOPA output 
power instead displays a snper-Iinear dependence, with an exponential growth up to -1.5 
Wem' and a linear dependence at higher current densities up to -3 Wcrn'; beyond this 
point the L-I curve becomes sublinear and eventually rolls over because <>f the decreasing 
tunnel coupling between the injector ground state and the upper laser level, a behavior typical 
of QCLs. 

Above the transparency current density j"'m, the amplification of the light emitted from 
the MO section in the PA can be written as 

Pout = P'n • e[(-aw+.·r·U-J ...... »·d1, (2) 
where aw is the waveguide loss (cm-'), g is the ~ain coefficient (cmIkA), r is the mode 
confinement factor,j is the current density (Wcm ), d is the amplifier length, and P" is the 
input power from the MO. 

Equation (2) can be rewritten as 

Pout = P fn • e-aw·d • eg·r·U-jtraru;)·d = Pt . eo·r·(j-jtrans)-d (3) 
Fitting the exponential growth of the optical power of the tapered device (Fig. 2b) abovej .. m 

with Eq. (3) allows extraction of the modal gain coefficient g-r if the transparency current 
density is known'. 
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Assuming the transparency current density j_ ~ 0.55 Wcm' and with PI,j- j..",) ~ 0.09 
W, we deduceg'~IO.5 cm/kA for a MO current of9oo rnA, which is in good agreement with 
our calculations. Note that varyingj..., does not change significantly the value of g.f deduced 
from the fit. By assuming a gain of 10.5 clnlkA; which is close to the value calculated and 
found by fitting data, the amplification factor assuming no saturation e -aw·d • es·r·u-in-a",}d 

reaches 49. 
A critical factor in predicting the MOPA output power is the M;O power p .. injected into 

the PA for amplification. Since the M;O is aDFB laser, the output power from both laser end 
facets relative to each other d!'Jlends strongly on the cleaved end facet position and can vaiy 
depending on whether the DFB section ends with a higher or lower effective refractive index 
el=ent. The reason for this effect is a variation of the electromagnetic field distribution along 
the grating, depending on the DFB end facet position with respect to the DFB grating [21]. To 
eliminate this uncertainty, future devices will include an AR coating on the MO end facet, in 
addition to a quarter-wavelength shift "£22] incorporated into the DFB grating. The AR coating 
reduces the end facet feedback resulting in a symmetric electromagnetic field distribution 
along the grating. Quarter-wavelength shifts are primarily used to ensure single-mode 
emission but can also he used to displace the center of the intensity distribution along the DFB 
grating closer to the PA, thus increasing p ... 

Comparing P.., with typical peak output powers from Fabry-Perot ridge lasers fabricated 
from the same wafer (2.2 W; 3-mm ridge length, 15-1'J1I ridge width) shows that the MOPA 
device operating on a single-longitudinal mode is capable of achieving similar output power 
as a multimOde Fabry-Perot device of comparable volume. Previous MOPA QCL work 
reported peak output powers at 300 K of 0.25 W at a wavelength 'A.~7.5 I'J1I [15]. Recently 
reported DFB lasers based on a two-phonon active region design reached CW output power of 
70 mW for a wavelength 'A.~.O I'm at 300 K [23] utilizing comprehensive thermal 
management and a high-reflective coating on the back facet. Even liigher CW output power 
was reported for shorter wavelengths ( .. =4.8 1'J1I) [24], although a strong degradation of the 
far-field quality was observed. Combining the MOPA design with such a DFB laser optimized 
for high-power operation could result in an output power> 1 W in CW operation. It is worth 
mentioning that the use of a long DFB QCL to achieve such a high power level would lead to 
operation on two longitudinal modes, since the long grating will produce strong coupling [23]. 

Figure 3 shows far-field measur=ents in the plane of the chip measured at different PA 
currents. Measurements of FWHM are narrower for tapered devices than for untapered 
devices by a factor of 3 (10 taper angle, _100 FWHM; untapered, _300 FWHM). The PA end 
facet widths for untapered and 10 tapered devices are IS j!ln and 47 I'm, respectively, in good 
agre=ent with the FWHM reduetion. ·Theoretical values for the diffraction half-angles (J 
(FWHM~2·0) can he estimated for comparison from 0=2·;./t,·w (e.g., see Ref. [23D and are 
0... .... ,..,;=17.6· and (J...-".,;=5 .6· for .. =7.26 I'm. Therefore, the theoretical and measured 
divergences are in good agre=ent, indicating adiabatic expansion of the optical 'mode within 
the tapered PA. This is important for the integration of QCL MOP As into optical systems. 

4.Snmmary 

We report QCL MOPAs reaching output power levels of 1.5 W at room t=perature 
' corresponding to an amplifier gain of 12.2 dB. Single-lransverso-mode emission with a 
FWHM angle of 100 for a taper angle of 10 was measured, and the devices showed single­
longitudinal-mode lasing at 'A.~7,26 I'm. 
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~t is close: to rollover (860 mAl. Solid lines. rqRSCOt Gaussian fitting ClK'VC8. 
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